1. Introduction {#sec1}
===============

Cancer is one of the most community reason for death in the world, surpassed by heart disease and accounts for about 1 in 4 deaths. Therefore, easy and early-stage detection of cancer is particularly important \[[@bib1], [@bib2]\]. Prostate cancer is the most significant reason for deaths in men, outside of lung cancer. The clinical examination of cancer proteins or biomarkers is extremely significant in early examination and monitoring of recurrence of disease after treatment \[[@bib3]\]. In addition to during prognosis, biomarkers usually increased a lot of clinical importance because of their extensive spectra in the identification, elimination, early diagnosis and cure of cancer. For early treatment of cancer, biomarkers play an essential role during analysis for grading and staging of cancer and tumors \[[@bib4], [@bib5]\]. Prostate specific antigen (PSA) is one of the semen mutual proteins, and it could be transferred to the stream of blood. PSA is a significant biomarker for detection of prostate cancer and it can use for identification, the follow up to treatment, and recurrence examination after cessation of treatment \[[@bib6], [@bib7]\]. Prostatic dysfunction in peoples with prostate cancer makes the PSA concentration in the blood to significantly increased \[[@bib8]\]. Commonly, the PSA standard range is 4.0 ng mL^−1^ and the unusual range is 4--10 ng.mL^−1^ in human blood. So, for prostate cancer diagnosis the detection of PSA is necessary \[[@bib9]\].

So far, several conventional techniques were reported for diagnosis of prostate cancer. For example, fluorescence-based immunoassay, radioimmunoassay and ELISA (enzyme linked immunosorbent assay) \[[@bib8]\] was used for this purpose. But these methods were time consuming, sophisticated, necessitate expert operator \[[@bib10]\].

Biosensors as diagnostic devices are highly specific, affordable, quick, and transportable with great performance. These bio-devices can be used in various areas such as medicine, environmental monitoring, farming and food production \[[@bib11], [@bib12]\]. Lately, immunoassays which are significant kind of biosensors have been utilized as a specific device for calculating of biomarkers \[[@bib13]\]. Nowadays, electrochemical immunosensors because of their unique features such as sensitive, rapid and selectivity in analysis have attracted attention. Furthermore, electrochemical biosensors with the sandwich structure are more sensitive and elective, and the most appropriate type of immunosensors to biomarkers discovery \[[@bib14]\].

Ordinarily immunosensors applied in many areas because they are so sensitive. But those biosensors need different stages of preparation, accomplished technicians and expensive apparatus \[[@bib15]\]. To solve this problem, paper-based immunoassays have been developed and considered by many researchers \[[@bib16]\]. Paper is one of the best and useful materials because it has great features such as easy manipulation, tools-free, reusable and it is cheap and also it has nice capability to permit liquid substances through its hydrophilic platform without using external power. So it is used as an important factor in the preparation of paper-based immunosensor \[[@bib17]\]. Paper can use as a large and low-cost matrix for the reagents immobilization and its reaction because the paper has a fibrous porous form can direct aqueous liquid streams by capillary force and supplies a wide surface for immobilization of reagents and a big area for reactions of reagents \[[@bib16]\].

Newly, designing conductive models on paper has used as affordable and easy technique for sketching paper-based sensors \[[@bib18]\]. So this technique helps to have low-cost and rapid screening to designing the customized electrodes. Hence paper-based sensors are a nice alternatives to usual electrochemical biosensors \[[@bib19]\]. Because of the health centers requisiteness such as clinical laboratories and medical research centers for the early-stage discovery of the prostate cancer, and there is essential necessity for these new kinds of biosensors based on nano-inks which have an important role in the efficient performance of the electrochemical immunosensors for quick and easy detection of cancers \[[@bib18]\].

In this study, we reported a first unique paper-based sandwich kind of electrochemical immunoassay based on Citrate- AgNPs-GQDs conductive nano ink for measuring the prostate cancer biomarker (PSA) in the early stages of the disease. For this purpose, ink synthesized and employed to prepare a new platform on the cellulose paper surface to develop sandwich immunoassay. Also, Cys-AuNPs was utilized to amplify the signal on the immune-device structure. Cys is bonded to the AuNPs via sulfur group, and from the --NH~2~ (amine) group with --OH (hydroxyl) and --COOH (carboxyl) functional groups of citrate- AgNPs-GQDs ink which electrodeposited on the paper surface (citrate-AgNPs-GQDs nano ink/Cys-AuNPs). Then, primary antibodies (Biotinilated-Ab1) was immobilized on the modified paper surface via gold NPs and PSA absolutely charged interaction of --NH~2~ groups. Besides that, HRP-Ab2 immobilized on the prepared paper-electrode surface as a secondary Ab. The electrochemical response of the designed immunosensor was investigated by ChA (Chronoamperometry) and DPV (differential pulse voltammetry) methods. The analysis revealed ultrasensitive performance to PSA detection in real specimens (human plasma). This electrochemical immunodevice illustrated excellent sensitivity and has the great potential to be used for timely detection of prostate biomarker in clinical analysis.

2. Methods and materials {#sec2}
========================

2.1. Chemicals {#sec2.1}
--------------

Polyvinylpyrrolidone (PVP), sodium citrate, Chloroauric acid (HAuCl~4~), *N*-Hydroxysuccinimide (NHS), EDC (1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide), sodium hydrogen phosphate, BSA (bovine serum albumin), NaOH (sodium hydroxide), Cys (Cysteamine), EG (ethylene glycol), potassium Ferricyanide K~3~Fe(CN)~6~, potassium Ferrocyanide K~4~Fe(CN)~6~, AgNO~3~, potassium dihydrogen orthophosphate, potassium chloride (KCl) and ethanol were obtained from Sigma Aldrich (Ontario, Canada). Phosphate-buffered saline saline solution was provided by dissolving NaH~2~PO~4~ (0.2M) and Na~2~HPO~4~ (0.2M) in DW (deionized water). Human PSA ELISA kit (CanAg/PSA EIA) including PSA antigen, biotinylated antibody, HRP Labeled anti-prostate cancer biomarker, and standard buffer were obtained from Can Ag Diagonestic AB Technology Co, (Gutenberg, Sweden). Human plasma specimen were taken from the IBTRC (Iranian Blood Transfusion Research Center) (Tabriz, Iran).

2.2. Equipment {#sec2.2}
--------------

Electrochemical measurements were accomplished with a PalmSens 4c system. This system was used on laptop by PSTrace software. For ChA measurements equilibrium time was 2 s and the voltage amplitude was 10 mV. Paper electrodes which designed by Citrate- AgNPs-GQDs nano ink was used as a working electrode, a reference electrode and a counter electrode.

It should be noted that, Citrate-AgNPs-GQDs nano ink was synthesized and prepared by ourselves high-resolution field emission scanning electron microscope (FE-SEM), Hitachi SU8020, Czech was employed for studying the morphology of electrode surface, and energy dispersive spectroscopy (EDS) was employed for analysis of the chemical compounds which created on the surface of the electrode. For studying of synthesis mechanism, transmission electron microscopy (TEM), Adelaide, Australia was employed. Size frequency and zeta potential of Citrate- AgNPs-GQDs nano-ink was studied by DLS (dynamic light scattering) with zeta potential instrument Malvern Instruments Ltd (Zetasizer Ver. 7.11, MAL1032660, England). For measuring the electrical resistance of nano-ink estimate, Ohmmeter, XIOLE, XL830L, China, multi-meter employed. Falling ball viscometer (Anton Paar-AMVn, Germany) was utilized to measure the viscosity of nano-ink. The surface tension of the synthesized ink was evaluated using a contact angle optical measuring device (Data physics-OCA20, Germany).

This project was approved by regional ethics committees; IR.TBZMED.VCR.REC.1399.050.

2.3. Cys-AuNPs synthesis {#sec2.3}
------------------------

At the first step, 50 mL of HAuCl~4~ (0.5 mM) was stirred magnetically under reflux states and heated until 100 °C. Then, 5 mL of Na~3~C~6~H~5~O~7~ (38.8 mM) solution was added to the HAuCl~4~ solution. By mixing the Trisodium citrate (Na~3~C~6~H~5~O~7~) (0.5 M) solution and HAuCl~4~ the color of solution was changed from yellow to wine red. Magnetic stirring of blend was also continued till wine red color was stable. The solution was cooled at room temperature and it is stable at 4 °C up to 60 days. For preparing the Cys and AuNPs solution (100:1 v:v) was stirred with continually addition of Cys for functionalizing citrate -Au NPs with Cys A. The final color of Cys A-Au NPs solution is deep-red color.

2.4. Synthesis and conductivity study of ink {#sec2.4}
--------------------------------------------

### 2.4.1. Synthesis of Citrate-AgNPs {#sec2.4.1}

At the first step, an ice water bath (around 0 °C) was prepared. Next, 400 mL of Na~3~C~6~H~5~O~7~ (1.06 mM) solution was completely mixed with 25 mL of AgNO~3~ (5 Mm) solution and it was placed in the ice water bath and stirred. Then, 2500 μL of a recently prepared aqueous solution of NaBH~4~ (100 mM) was added drop-wise to it during 5 min. The solution color changes from colorless to light yellow. Then the solution was stirred under dark conditions for about 105 min until a shiny yellow hue becomes visible. The synthesized solution was further centrifuged at 6000 rpm for 15 min at room temperature.

### 2.4.2. Synthesis of citrate- AgNPs-GQDs nano-ink {#sec2.4.2}

GQDs was synthesized as stated by our earlier works \[[@bib20], [@bib21], [@bib22]\]. For preparing the nano ink, 0.013 g of chitosan was dissolved in acetic acid 0.1 M for about 30 min then 0.6 of GO (graphene oxide) and PVP (0.2 g) was added in compound and it was stirred magnetically till completely dissolved.

Next, GQDs (2 ml) and 600 μL of citrate-AgNPs solution was mixed with above solution. To assure effective blending of graphene oxide and Ag+, magnetically stirring was continued for about 20 min. Later, the prepared solution was permanently placed in the incubator for 12 h at 60 °C. After 12 h, the solution was magnetically stirred again and heated at 80 °C. At the end, 500 μL of NaOH (sodium hydroxide) (8 M) solution was added drop by drop for increasing reduction permeation. The solution was centrifuged at 8000 rpm for 30 min and washed 3 times with distilled water (DW) to remove extra reactant. For preparing hybrid conductive ink, the obtained citrate AgNPs-GQD nano ink were dispersed into ethanol, DW, and EG (9:9:3) and sonicated for 30 min so the achieved ink was water-based.

### 2.4.3. Conductivity study of citrate- AgNPs-GQDs nanoink {#sec2.4.3}

For this purpose, several conductive patterns of citrate-AgNPs-GQDs nano-ink drawn on the photographic papers surface using pellet with various thicknesses. As revealed in Fig. S1 (see supporting information), diverse kind of conductive lines was drawn on the surface of paper and a LED lamp (3.0 V) with a battery (3.0 v and for spiral conductive lines 15.0 V battery was used) was fabricated on paper substrate. One side of LED lamp (cathode) was connected to battery anode and so cathode surface of battery fixed to one side of conductive line. Whenever the anode side of LED connected to other side of conductive line, the electrical circuit worked and the LED lamp was lighted up. Then, the resistor of conductive lines was measured by ohmmeter (Please see all media file as supporting information).

3. Results and discussion {#sec3}
=========================

3.1. Characterizations {#sec3.1}
----------------------

### 3.1.1. Characterization of citrate-AgNPs {#sec3.1.1}

The size and morphology of the citrate-AgNPs were investigated through TEM imaging. Particles were either spherical or irregular in shape, and also we prepared FE-SEM (field emission scanning electron microscopy) and EDC. The results are shown in Figs. S2--S4 (see supporting information).

### 3.1.2. Characterization of bulk citrate-AgNPs-GQDs nano-ink, citrate-AgNPs-GQDs and citrate- AgNPs-GQDs/Cys-AuNPs prepared on the photographic paper-based electrode {#sec3.1.2}

To evaluate the citrate-AgNPs-GQDs nano-ink synthesis mechanism and confirm the binding of Citrate and Ag NPs on to graphite sheets, TEM images were recorded. It was clearly showed that the many dispersed spherical silver nanoparticles were decorated on the surface of graphite sheets. Fig. S5 (see supporting information), displays the FE-SEM images of bulk citrate-AgNPs-GQDs nano-ink, citrate-AgNPs-GQDs nano ink constructed on photographic paper and Cys/Au NP modified citrate-AgNPs-GQDs nano ink constructed on photographic paper to evaluate the morphology of the electrodes surface. Accordingly, in the bulk citrate-AgNPs-GQDs nano ink, the small-sized silver nanoparticles with the spherical uniform structure were located on the surface of graphite sheets. It is noteworthy that citrate-AgNPs-GQDs nano-ink solved in ethanol/water/EG shows no nanoparticles aggregation.

For measuring the concentration of silver nanoparticles in the citrate-AgNPs-GQDs nano-ink, ICP (inductively coupled plasma) technique was used to the measurement of silver nanoparticles in the citrate-AgNPs-GQDs nano-ink which obtained as 0.33 mg/L (Fig. S6 (see supporting information)).

Viscosity of the citrate-AgNPs-GQDs nano-ink was measured by the falling ball method is 7.64Cp, and also the density of the mentioned nano-ink is 1.07 g/cc.

The surface tension using contact angle optical measuring device and obtained as 35.52 n M/m. The XRD determine the crystalline phase and phase purity of the particles.

Raman spectroscopy is an important tool for structural characterization and chemical/biosensing. So, we developed this technique to investigate the role of GQDs in the citrate-AgNPs-GQDs nano-ink (Fig. S7 (see supporting information)).

### 3.1.3. Characterization of various steps of prepared immunosensor {#sec3.1.3}

Surface morphology of the citrate-AgNPs-GQDs nano-ink and citrate-AgNPs-GQDs nano ink modified using Cys-AuNPs were characterized by FE-SEM. Fig. S8 (A-Q) (see supporting information) reveals the scanning electron micrographs of citrate- AgNPs-GQDs nano-ink, citrate- AgNPs-GQDs nano-ink/Cys-AuNPs, citrate-AgNPs-GQDs nano-ink/Cys-AuNPs/Ab1, citrate-AgNPs-GQDs nano-ink/Cys-AuNPs/Ab1/BSA/PSA, citrate-AgNPs-GQDs nano-ink/Cys-AuNPs/Ab1/BSA/PSA/Ab2 deposited on the surface of paper electrode, respectively. Citrate- AgNPs-GQDs nano-ink has a bumpy surface because of irregular graphite plates in its groundwork.

Fig. S8(F--H) (see supporting information) obviously show that the photographic paper/citrate- AgNPs-GQDs nano ink morphology changed after the electrodeposition of Cys-AuNPs.

The covered layer affords a high surface area, which allows more antibodies to be placed on the surface. In the presence of antibody, diverse morphology was extended on the electrode surface.

Also, the surface roughness of the electrode was increased after binding the antibody to the polymer (Fig. S9 (see supporting information)). Lastly, after PSA (antigen) and Ab2 (HRP-PSA antibody) immobilization, the electrode morphology was changed. It shows that preparation of immune complex between the antibody (Ab1) and antigen was successfully. Similar protocol was used for the immobilization of inks on the surface of ivory sheets.

The comparable EDS spectra of citrate- AgNPs-GQDs nano ink written on the paper surface and Cys-AuNPs electrodeposited on the surface of citrate- AgNPs-GQDs nano-ink/photo graphic paper are shown in Fig. S9 (see supporting information). The sharp and great Ag and C peaks were the regular signal for the graphite and Ag in the citrate-AgNPs-GQDs nano-ink, signals of S and N were depended to Cys, whereas signals of N, C and O elements were depended to both GQDs and Cys. Also, it shows that in the case of citrate-AgNPs-GQDs nano ink/Cys-AuNPs the S element overlapped with gold.

3.2. Assembly of electrochemical immunodevice {#sec3.2}
---------------------------------------------

### 3.2.1. Citrate- AgNPs-GQDs nano ink/CysA-Au NPs paper-based electrode production {#sec3.2.1}

Initially, to make paper-based electrode (PBE), conductive lines were immediately drawn on the surface of the ivory sheet and photographic paper by citrate- AgNPs-GQDs nano ink and allowed to dry at room temperature for 5min using pen-on-paper technology. So, in order to electrodeposition of Cys-Au NPs on the surface of citrate-AgNPs-GQDs nano-ink paper based electrode, the prepared electrode dipped into Cys-Au NPs solution and electrodeposition was carried out by ChA technique (duration time = 500 s, E = 0.8 V) which leads to the bonding of the amine groups of Cys-Au NP with carboxyl groups of citrate- AgNPs-GQDs nano-ink PBE ([Figure 1](#fig1){ref-type="fig"}). Afterward, citrate-AgNPs-GQDs nano-ink/Cys-AuNPs paper-based electrode was washed with double distilled water in order to remove unbound particles then placed at room temperature to dry (25 °C).Figure 1Single steps chronoamperograms for the electrodeposition of Cys/Au NP on the citrate-AgNPs-GQDs nano ink paper-based electrode surface; photographic paper (A) and ivory sheet (B). E = 0.0V vs. and the duration time was 500s.Figure 1

### 3.2.2. Immunodevice fabrication {#sec3.2.2}

In order to the preparation of sandwich type immunoassay, for activation of the --COOH groups of antibodies, 10 μL of biotinylated antibody (anti PSA) was mixed with NHS/EDC and incubated for 30 min at 25 °C.

Then, 10 μL of activated antibody with NHS/EDC was drop-casted onto the sensing area of prepared paper-based electrode (3 × 2 mm^2^) and incubated at 25 °C for 30 min. BSA (0.1M) was used for blocking the non-specific active sites. For this purpose, BSA solution (3%) was added on the surface of prepared electrodes and putted at 4 °C for 30 min to minimize the non-specific binding sites. After 30 min, to detect the PSA biomarker, PSA antigen (10 μL) were dropped onto sensing area of the prepared sensor and incubated for 30 min at 4 °C.

Consequently, 5μL of HRP-anti PSA solution (Ab2) was immobilized onto sensing area of engineered sensor for extra 30 min. Finally, the electrochemical behavior of the sandwich type immunoassay was evaluated by DPV technique. It is noteworthy that after all incubation steps, the surface of the sensors was washed in standard buffer solution. [Scheme 1](#sch1){ref-type="fig"} shows all of the preparation steps for the PSA immunodevice.Scheme 1Construction of paper based sandwich type immunosensor for the PSA biomarker detection.Scheme 1

3.3. Electrochemical performance of immunodevice {#sec3.3}
------------------------------------------------

The preparation steps of immunodevice were studied by recording DPV (different pulse voltammetry) methods in the presence of \[Fe(CN)~6~\]^3-/4-^ solution as electrochemical probe. Different kinds of citrate- AgNPs-GQDs nano ink modified PBE (citrate-AgNPs-GQDs nano ink, citrate- AgNPs-GQDs nano ink/Cys-Au NPs, citrate- AgNPs-GQDs nano ink/Cys-Au NPs/Ab1, citrate-AgNPs-GQDs nano ink/Cys-Au NPs/Ab1/BSA, citrate-AgNPs-GQDs nano ink/Cys-AuNPs/Ab1/BSA/PSA, citrate-AgNPs-GQDs nano ink/Cys-Au NPs/Ab1/BSA/PSA/Ab2) were evaluated on the ivory sheet and photo graphic paper surface for their electrochemical behavior in the 0.01M Ferricyanide ([Figure 2](#fig2){ref-type="fig"}).Figure 2DPVs of citrate- AgNPs-GQDs nano ink, citrate- AgNPs-GQDs nano ink/AuNP-CysA, citrate- AgNPs-GQDs nano ink/AuNPs-CysA/Ab, citrate- AgNPs-GQDs nano ink/AuNPs-CysA/Ab1/BSA, citrate- AgNPs-GQDs nano ink/AuNPs-CysA/Ab1/BSA/PSA and citrate- AgNPs-GQDs nano ink/AuNPs-CysA/Ab1/BSA/PSA/Ab2 on the surface of photographic papers(A) and ivory sheets(B). (C) Histogram of peak current in diverse steps of electrode fabrication on the photographic paper and ivory sheet surface (D), Supporting electrolyte is 0.01M ferricyanide.Figure 2

Au NPs were functionalized with Cys. They bonded covalently with the sulfur group of Cys, therefor AuNPs-Cys were more convenient for use in the immunosensors \[[@bib23]\]. Also, Cys-Au NPs provide free amine group for interplay with a --COOH (carboxylic) group of Fc region of the antibody by covalent bond \[[@bib21], [@bib24]\] and, they provide an appropriate condition for the immobilization of Ab against intended purpose analyte such as PSA biomarker. To find this out, the DPVs of the ivory sheet/citrate-AgNPs-GQDs nano-ink/Cys-AuNPs/Ab1/BSA/PSA/Ab2 electrode were shown in the [Figure 2](#fig2){ref-type="fig"} (B and D) and it indicated that Cys/Au NPs increased the signal intensity.

Eventually, the biotinylated PSA antibody was immobilized on the citrate-AgNPs-GQDs nano-ink/Cys-Au NPs electrode surface which lead to extra visibility of the peak with weak current because of citrate- AgNPs-GQDs nano-ink/Cys-Au NPs interaction with Ab. A notable decrease in peak current was seen after immobilization of PSA antigen on the electrode surface, which shows that PSA has been favorably bonded to Ab1 on the surface of citrate- AgNPs-GQDs nano-ink/Cys-Au NP/Ab1 paper-based electrode. At the last stage after immobilization of HRP-Anti PSA (Ab2), the peak current was decrease owing to obstructed the effect of electron transfer. On the other hand, the Abs perform as an insulator and decrease the rate of electron transfer.

3.4. Analytical performance {#sec3.4}
---------------------------

According to the obtained results on the previous action, proposed immune device is able to use for determination of PSA in different concentrations. Therefore, DPVs of immunosensor in the presence of 0.01 M Ferricyanide/Ferrocyanide and different concentration of PSA were recorded.

For this purpose, citrate-AgNPs-GQDs nano-ink/Cys-AuNPs/Ab1/BSA/PSA/Ab2 was incubated in various concentrations of PSA antigen to electrochemical analysis of PSA. The immunoassays were washed completely with 0.1% Tween-PBS (pH 7.4) before electrochemical evaluations, to remove antigens which were not interaction with antibody. The DPVs of photographic paper/citrate-AgNPs-GQDs nano ink/Cys-Au NPs/Ab1/BSA/PSA/Ab2 and ivory sheet/citrate- AgNPs-GQDs nano ink/Cys-Au NPs/Ab1/BSA/PSA/Ab2 were obtained and calibration diagrams were plotted ([Figure 3](#fig3){ref-type="fig"}).Figure 3DPVs of citrate- AgNPs-GQDs nano ink/Au NPs- CysA/Ab1/BSA/PSA/Ab2 for study of various concentrations of PSA Ag (60--0.07 μg/L) in supporting electrolyte is 0.01M ferricyanide on the surface of ivory sheet papers(A) and photographic paper(B) Calibration plots of the citrate- AgNPs/GQDs nano ink/Cys-Au NP/Ab1/BSA/PSA/Ab2 on the surface of ivory sheet papers(C) and photographic paper(D).Figure 3

The calibration curve was achieved by drawing the peak current against the Neperian logarithm of PSA Ag concentration.

The detection ranges of photographic paper/citrate-AgNPs-GQDs nano-ink/Cys-Au NPs/Ab1/BSA/PSA/Ab2 was found between 0.05 to 10 μg/L. The lower limits of quantitation (LLOQ) was obtained to be 0.05 μg/L and the detection ranges of ivory sheet/citrate-AgNPs-GQDs nano-ink/Cys-AuNPs/Ab1/BSA/PSA/Ab2 was found as 0.07--60 μg/L. The LLOQ was obtained to be 0.07 μg/L.

The comparison of engineered immunodevice with other biosensors for PSA detection were shown in [Table 1](#tbl1){ref-type="table"}. Based on the obtained results, it can be said that the constructed immune-device has very nice performance for the detection of PSA in human bio fluids. Also, suggested immunosensors are portable, low-cost and simple. Among the electrochemical methods, the DPV technique is the most sensitive method. Comparison of the obtained results by proposed immunosensor with previous reports, show that this biosensor is simple sensitive than others. Compared with other immunosensors reported by analytical studies ([Table 1](#tbl1){ref-type="table"}) \[[@bib25], [@bib26], [@bib27], [@bib28], [@bib29], [@bib30], [@bib31], [@bib32]\], the developed immunosensor showed better analytical performance in view of the linear range and the limit of detection. Efficient function of this sensor can be due to unique structure and unique electrical behavior of AgNPs, which lead to sensing of PSA in μg/ml concentration. Also, high surface area of interface (citrate-AgNPs-GQDs nano-ink/Cys-Au NPs) for dense loading of Ab1 local to excellent sensitivity of the engineered immunedevice.Table 1A comparison of the achievement of diverse immunodevices for PSA identification.Table 1Detection methodUsed materialsDetection RangeLODReferenceCantileverAntigen-Antibody reaction0.2--60 μg/cm^3^1 mg/cm^3^\[[@bib25]\]Electrochemical (CV)Graphene (GR)-based gold (Au) composite0--10 ng/cm^3^0.59 ng/cm^3^\[[@bib26]\]Electrochemical (DPV)SiO~2~- AgNPs/Ab/BSA/Ag0.03--0.001 μg/cm^3^0.001 μg/cm^3^\[[@bib27]\]AmperometricSingle-walled carbon nanotubes (SWNTs0.5--5 ng/cm^3^0.5 ng/cm^3^\[[@bib28]\]Surface Plasmon ResonanceSandwich assay0.29--2.3 ng/cm^3^0.2 ng/cm^3^\[[@bib29]\]AmperometricPeptide nanotube/AuNPs/PANI modified electrode. Sandwich assay. HRP as label.1--100 ng/cm^3^0.68 ng/cm^3^\[[@bib30]\]Capillary-basedPt\@AuNPs Sandwich assay0.02--2.5 ng/cm^3^0.044 ng/cm^3^\[[@bib31]\]ChemiluminescenceGold nanoparticles (AuNPs).0.08--5 ng/cm^3^8 × 10^−13^ g/cm^3^\[[@bib32]\]Electrochemical (DPV)ivory sheet/citrate- AgNPs-GQDs nano-ink/CysA-Au NPs/Ab1/BSA/PSA/Ab20.07--60 μg/cm^3^0.07 μg/cm^3^This workphotographic paper/citrate- AgNPs-GQDs nano-ink/CysA-Au NPs/Ab1/BSA/PSA/Ab20.05--10 μg/cm^3^0.05 μg/cm^3^

It is important to point out that, beside investigated research work for detection of prostate cancer based on PSA biomarker analysis, there is some of other reports \[[@bib33], [@bib34], [@bib35], [@bib36], [@bib37], [@bib38], [@bib39], [@bib40], [@bib41]\] which are most efficient methods in this research are.

3.5. Real sample analysis {#sec3.5}
-------------------------

As previously mentioned, it was probable to use constructed immune device to the quantitative analysis of PSA biomarker in the human plasma samples using DPV technique ([Figure 4](#fig4){ref-type="fig"}). In this way, 10 μL of unprocessed human plasma were blended with 10 μL of various concentrations of PSA and casted on to the sensing zone of electrode. In optimum states, the calibration curve was achieved by plotting the peak current versus the concentration of PSA. Using DPV technique, dynamic range and LLOQ of the first immunosensor (ivory sheet/citrate-AgNPs-GQDs nano-ink/Cys-AuNPs/Ab1/BSA/PSA/Ab2) were 0.07--10 μg/L and 0.07 μg/L, respectively. Also, dynamic range of the second immunodevice (photographic paper/citrate-AgNPs-GQDs nano-ink/Cys-Au NPs/Ab1/BSA/PSA/Ab2) was obtained as 0.001--10 μg/L with LLOQ of 0.001 μg/L.Figure 4DPVs of citrate- AgNPs-GQDs nano ink/Cys-Au NPs/Ab1/BSA/PSA/Ab2 for analysis of different concentrations of PSA Ag in human plasma specimens on the surface of ivory sheets (A)and photographic papers(B). Supporting electrolyte is 0.01M ferricyanide. Calibration curves of concentration effect on the surface of ivory sheets (C) and photographic papers (D).Figure 4

3.6. Selectivity of immunodevice {#sec3.6}
--------------------------------

For control experiments, some interferential proteins such as CA 15.3, CEA, CA125 and BSA in real human samples were investigated by DPV technique in 0.01M Ferricyanide/Ferrocyanide to evaluate the selectivity of the immune device as serum proteins.

[Figure 5](#fig5){ref-type="fig"} shows that, the current signals of the prepared immunodevice were compared with the current signal achieved in 5-fold excess of different interfering species solution.Figure 5DPVs of the designed immunosensor in the presence of a serum protein (BSA, CA15.3, CA125, CEA) on the surface of ivory sheet (A) and photographic paper (B). Histogram of peak potential (E) and currents versus time of interfering species (C-D).Figure 5

The peak current produced by ivory sheet/citrate-AgNPs-GQDs nano-ink/Cys-Au NPs/Ab1/BSA/PSA/Ab2 is very similar and higher concentrations of interfering proteins did not make any considerable increase in peak ([Figure 5 A-](#fig5){ref-type="fig"}C). On the other hand, [Figure 5](#fig5){ref-type="fig"} (B and D) show the current signals of the photographic paper/citrate-AgNPs-GQDs nano-ink/Cys-Au NPs/Ab1/BSA/PSA/Ab2 are changed. Suggesting immunodevice fabricated on the photographic paper has the acceptable selectivity for identification of PSA in the presence of some interfering proteins.

3.7. Stability and reproducibility of the substrate and immunedevice {#sec3.7}
--------------------------------------------------------------------

Stability is one of the important factors for the evaluation of biosensor performance and the reusability of biosensor is very remarkable. To evaluation the stability of photo graphic paper/citrate-AgNPs-GQDs nano-ink/Cys-Au NPs, CVs were recorded after 2, 5, 10, 50 and 100 cycles in 0.01M Ferricyanide/Ferrocyanide as mediator solution. [Figure 6](#fig6){ref-type="fig"} (A and C). Based on the obtained results, there is no change in the redox peak currents which confirm good stability of the substrate ([Figure 6](#fig6){ref-type="fig"}B). Therefore, this substrate is suitable for the immobilization of biomolecule and construction of immunodevice. Also, for the evaluation of ivory sheet/citrate-AgNPs-GQDs nano ink/Cys-Au NPs stability, CVs were recorded after 1, 11, 21, 41 and 101 cycles in 0.01M Fe (CN~6~) ^3-/4-^ as mediator solution. As can be seen, after 100 cycles the prepared electrode has not an acceptable performance.Figure 6Cyclic voltammograms and histograms of engineered immunosensor stability on the surface of ivory sheet(A) and photographic paper(B) study in potential range of -1 to +1 and scan rate of 100 mV/s in 0.01M ferricyanide C) Histogram of engineered immunosensor on the surface of ivory sheets (C) and photographic paper(D).Figure 6

4. Conclusion {#sec4}
=============

In this work, a novel paper based immunosensor based on citrate-AgNPs-GQDs nano ink for sensitive detection of PSA tumor biomarker was developed. In this way, easy handwriting technique using electro-conductive nanocomposite was employed to design electrodes on paper. Cys-Au NPs were used as signal amplification element and they covalently bonded to citrate- AgNPs-GQDs nano ink on the surface of the ivory sheet and photographic paper and used to immobilization of PSA-Ab. Therefore, an ultrasensitive and innovative sandwich-type paper based immunodevice was successfully created on the surface of ivory sheet and photographic paper. In optimal conditions, the immunodevice, on the surface of photographic paper presents a highly linear range from 0.05 to 10 μg/L with LLOQ of 0.05 μg/L. Also, the dynamic range of immunedevice on the surface of ivory sheet was found as 0.07--60 μg/L. The low limit of quantitation (LLOQ) was determined to be 0.07 μg/L. All these observations show that, this immunedevice can be employed as an adaptable platform for detection other biomarkers and has excellent potential in clinical diagnoses and bioanalysis.
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